The leukotoxins [9(10)-and 12(13)-EpOME] are produced by activated infl ammatory leukocytes such as neutrophils. High EpOME levels are observed in disorders such as acute respiratory distress syndrome and in patients with extensive burns. Although the physiological signifi cance of the EpOMEs remains poorly understood, in some systems, the EpOMEs act as a protoxin, with their corresponding epoxide hydrolase metabolites, 9,10-and 12,13-DiHOME, specifi cally exerting toxicity. Both the EpOMEs and the DiHOMEs were also recently shown to have neutrophil chemotactic activity. We evaluated whether the neutrophil respiratory burst, a surge of oxidant production thought to play an important role in limiting certain bacterial and fungal infections, is modulated by members of the EpOME metabolic pathway. We present evidence that the DiHOMEs suppress the neutrophil respiratory burst by a mechanism distinct from that of respiratory burst inhibitors such as cyclosporin H or lipoxin A4, which inhibit multiple aspects of neutrophil activation. 
Introduction
The leukotoxins (±)9(10)-epoxy-12Z-and (±)12(13)-epoxy-9Z-octadecenoic acid [9(10)-and 12(13)]-EpOME (fi gure 1A) are produced by infl ammatory leukocytes such as neutrophils and macrophages (Ozawa et al 1988b; Zhang et al 1995; Hayakawa et al 1986) . Plasma levels of the EpOMEs are elevated in patients suffering from extensive burns and elevated EpOME levels are associated with acute respiratory distress syndrome (ARDS), a systemic failure of organ systems frequently observed in trauma victims (Hayakawa et al 1990; Ozawa et al 1988a; Kosaka et al 1994) . Elevated EpOME levels are observed in lung tissue and lavage after experimental exposure of rats to inhaled oxidants (Sevanian et al 1979) . In animal models, administration of EpOME causes pulmonary oedema, vasodilation and cardiac failure, suggesting the possibility that EpOMEassociated toxicity contributes to ARDS (Ishizaki et al 1995; Siegfried et al 1990; Sugiyama et al 1987; Hu et al 1988) .
Although epoxides such as the EpOMEs are sometimes considered reactive toxins, most 1,2-aliphatic epoxides are not potent alkylating agents. Several studies suggest that the active entities which mediate EpOME-associated toxicity are not the EpOMEs, but their soluble epoxide hydrolase (sEH) metabolites, (±)9,10-dihydroxy-12Z-and (±)12,13-dihydroxy-9Z-octadecenoic acid (9,10-and 12,13-DiHOME, respectively) (Moghaddam et al 1997; Zheng et al 2001) . DiHOMEs are detected in human urine under normal conditions (Zurek et al 2002; Newman et al 2002) . In an animal model, elevated plasma DiHOME concentrations are observed upon exposure to tobacco smoke. This effect can be largely blocked by administration of an sEH inhibitor (Smith et al 2005) . The DiHOMEs exert a number of effects on mammalian cells including stimulating MCF-7 cell proliferation and acting as an endocrine disrupter (Markaverich et al 2005) , modulating the sodium cation current in cardiac cells (Harrell and Stimers 2002) , and increasing cellular oxidative stress (Viswanathan et al 2003) . In mammalian cells, the DiHOMEs specifi cally inhibit mitochondrial function (Sisemore et al 2001; Moran et al 1997) , suggesting one possible mechanism underlying EpOME-associated toxicity.
Neutrophils are a signifi cant component of the "nonspecifi c" immune response. These immune cells are activated by stimuli such as binding of Gram-negative bacteria or by soluble stimuli such as chemotactic peptides, triggering processes including the respiratory burst, adherence to endothelial cells and release of secretory granules. Neutrophil infl ux and activation are hallmarks of ARDS (review in Yao et al 1998) . Furthermore, EpOME synthesis is enhanced in activated neutrophils (review in Ishizaki et al 1999) , suggesting that neutrophils may contribute to the elevated EpOME levels observed in ARDS patients. Whether EpOMEs in turn infl uence neutrophil activity has remained unclear until the EpOMEs and DiHOMEs were shown to be neutrophil chemotactic agents (Totani et al 2000) . We evaluated whether members of the EpOME metabolic pathway infl uence another neutrophil function, the respiratory burst. This oxidative burst, produced by a molecular complex termed the NADPH oxidase, contributes to the immunemediated elimination of a number of microorganisms (reviewed in Hampton et al 1998; Segal 2005) . We provide evidence that members of the EpOME metabolic pathway, the DiHOMEs, specifi cally inhibit the respiratory burst.
Materials and methods

Reagents
Biolyte 3/10 ampholyte solution was purchased from BioRad (Hercules, CA, USA). Dithiothreitol and urea were purchased from Fisher Scientifi c. WST-1 was purchased from Dojindo Molecular Technologies, Inc. (Gaithersburg, MD, USA). Linoleic acid, methyl arachidonate and methyl linoleate were purchased from Nuchek Prep. (Elysian, MN, USA). All other reagents were purchased either from Sigma-Aldrich (St Louis, MO, USA) or ICN Biomedicals (Solon, OH, USA). Dibutyryl cyclic adenosine monophosphate (AMP) was dissolved as a stock solution in 9:1 ethanol:water which was stored at -70 o C for no longer than 2-3 months (loss of activity was observed on prolonged storage). A mixture of methyl 9(10)-EpOME and 12(13)-EpOME was synthesized as described (Greene et al 2000b) ; a mixture of methyl 5(6), 8(9), 11(12), and 14(15)-epoxyeicosatrienoates (EpETEs) was synthesized in an analogous fashion. Methyl, propyl, and butyl esters of stearic acid were synthesized as described (Greene et al 2000a) . [10] [11] [12] were synthesized by acidic hydrolysis of methyl 9(10)-EpOME and 12(13)-EpOME as described (Greene et al 2000b); methyl 5,6-, 8,9-, 11,12-, and 14 ,15-DiHET were synthesized in an analogous fashion. Methyl 5, 8, 11, and 14, 15 -DiHET were purifi ed by reverse-phase HPLC (Brownlee Spheri-5 250x4.6 RP-18 column, 1 ml/min, acetonitrile:water:acetic acid from 40: 60:0.1 to 55:45:0.1 in 7.1 min; to 65:35:0.1 in 12.5 min; to 74:26:0.1 in 22 min). 9(10)-and 12(13)-EpOME and 9,10-and 12,13-DiHOME were synthesized by base hydrolysis of the corresponding methyl esters as described for 8(9)-EET (Falck et al 1990) . Structures and purity of EpOMEs, DiHOMEs, DiHETs and the corresponding methyl esters were supported by NMR analysis and by chromatography. For chromatographic analysis by gas chromatography, One of the monoepoxide derivatives of linoleic acid, 9(10)-EpOME and the corresponding sEH metabolite, 9,10-DiHOME. (C) Structure of a dihydroxy derivative of arachidonic acid, 5,6-DiHET.
after the compounds were incubated overnight with the silylating agent BSA/0.1% TCMS, they were analysed by gas chromatography/mass spectroscopy (GC/MS) (HP 5973/6890 GC/MS, using 30x0.25x0.25 DB-5MS, DB-17MS, or DB-XLB columns, 1 ml/min constant fl ow, oven programme: o C at 30 o C/min, 224-245 at 2 o C/min, 245-260 at 4 o C/min, 260-320 at 10 o C/min) where they gave a single peak based on total ion current and the expected fragmentation pattern. On chromatographic analysis by TLC, compounds were ultraviolet (UV)-transparent at 254 nm/280 nm and showed single spots with epoxideselective reagents (4-nitrobenzylpyridine), diol-selective reagents (lead tetraacetate) and charring agents (sulphuric acid and phosphomolybdic acid).
Cell culture
HL-60 cells were obtained from Dr Dallas Hyde (University of California, Davis, USA) or ATCC (Manassas, VA, USA) and maintained in RPMI 1640 supplemented with 10% foetal calf serum. Non-differentiated cells were maintained at 1.5x10 5 to 8x10 5 cells/ml and were passaged every 2-3 days. In some experiments, HL-60 cells were treated with 500 μM dibutyryl cyclic AMP for 3.5-4.5 days.
Neutrophil respiratory burst assays
WST-1-reducing activity was evaluated essentially as described (Tan and Berridge 2000) . In short, 1x10 6 cells were resuspended in 1 ml 300 μM WST-1 in HBSS. Cells were incubated at 37 o C for 15 min and centrifuged at 1310 g for 5 min; the supernatant was then transferred to a cuvette and absorbance at 440 nm quantifi ed.
To assess nitroblue tetrazolium-reducing activity, 50 μl of a 16.7 mg/ml solution of nitroblue tetrazolium in water was added to 500 μl of cells suspended at 4 to 5x10 5 cells/ml in growth medium. Cells were incubated at 37 o C for 20 min, rinsed in PBS, and examined by light microscopy for the presence of the reduced (dark purple) nitroblue diformazan. At least 100 cells were counted for each sample.
Lucigenin-dependent chemiluminescence was measured essentially as described (Li et al 1998) . In brief, 1x10 6 neutrophil-like HL-60 cells were resuspended in PBS, 0.1% glucose, 0.5 mM MgCl 2 , 0.7 mM CaCl 2 and the solution adjusted to 10 μM myxothiazol, 10 μM rotenone, and 5 μM lucigenin. Additional stimuli were added as designated in the fi gures or text. The cell suspension was transferred to a 35 mm tissue culture dish in a luminometer and luminescence integrated over 10 or 15 min intervals. The cytochrome C reduction assay was not employed since some fatty acids are reported to interfere with cytochrome C reduction (Hardy et al 1994) .
β-Glucuronidase release assay
β-Glucuronidase activity was assessed essentially as previously described (Tiberghien et al 1999) . In brief, 5x10 5 cells were resuspended in 138 mM NaCl, 6 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 5.5 mM D-glucose, 1 mg/ml bovine serum albumin, 20 mM HEPES (pH 7.4) and adjusted to 5 μM cytochalasin B. After stimulation (as indicated in the fi gure 7B or text), the cells were incubated at 37 o C for 10 min, 195 μl supernatant was then removed and added to 50 μl 25 mM p-nitrophenol β-glucuronide. After incubation for 5-6 h, 50 μl 0.3 M NaOH was added and absorbance at 410 nm evaluated.
Immunoblot analysis
Cells were lysed in 36 mM HEPES, 225 mM NaCl, 13.5 mM MgCl 2 , 0.9% Triton X-100, 4.5 mM NaF, 4.5 mM β-glycerophosphate, 1.8 mM EGTA, 1.8 mM EDTA, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 10 μg/ml pepstatin A, 1 mM Na 3 VO 4 , 0.5 mM PMSF, passed through a 25 gauge needle ten times, and incubated on ice for 30 min. Samples were analysed by gel electrophoresis and transferred to a PVDF membrane (Immobilon-P, Millipore; Billerica, MA, USA). Membrane blocking, antibody hybridizations and detection were as described below.
Non-equilibrium pH gradient electrophoresis
Cells (9x10 6 ) were lysed in 80 μl 8.5 M urea, 4% CHAPS, 2% Biolyte 3/10 ampholytes, and 1 mg/ml dithiothreitol by passage through a 25 gauge needle 10 times and incubation for 50 min at room temperature. Lysates were clarifi ed by centrifugation and the protein concentrations of the supernatants evaluated by a modifi ed Bradford assay (Zor and Selinger 1996) . Non-equilibrium pH gradient electrophoresis (NEPHGE), a variant of isoelectric focusing, of equal masses of protein was conducted using Phastgel DryIEF gels (Pharmacia) as previously described (Ferullo and Nespoulous 1991) . After electrophoresis, proteins were transferred to PVDF (Immobilon-P, Millipore) by capillary action. In brief, the gel was placed on wet Whatman 3 MM paper, overlaid with wet PVDF, two wet pieces of Whatman 3 MM paper, two dry pieces of Whatman 3 MM paper, and 0.5 in of paper towels cut to the size of the gel. A weight was placed on the assembly and, after 1 h at room temperature, the membrane was removed. After blocking non-specifi c binding sites by incubation in 5% non-fat dry milk (in 10 mM TrisHCl, pH 7.5, 2.5 mM EDTA, 50 mM NaCl, 0.1% Tween-20) the membrane was hybridized with primary antibody, washed, hybridized with horseradish peroxidase-conjugated anti-mouse antibody (Sigma), and analysed by enhanced chemiluminescence (AmershamPharmacia). Anti-p47phox antibody was purchased from Transduction Laboratories.
Results
EpOMEs weakly activate the respiratory burst
A number of polyunsaturated fatty acids stimulate the neutrophil respiratory burst (Badwey et al 1981) . Linoleic acid is a potent stimulus of this response; indeed, the response of neutrophils treated with linoleic acid exceeds that observed with arachidonic acid treatment (Li et al 1996) . Given recent work indicating that the epoxy derivatives of linoleic acid, 9(10)-and 12(13)-EpOME, stimulate neutrophil chemotaxis (Totani et al 2000) , we evaluated whether the EpOMEs modulate neutrophil activation.
HL-60 cells are a human promyelocytic cell line widely used as a system to model human neutrophils (review in Collins 1987 ). These cells can be induced to differentiate to a neutrophil-like state by agents such as dimethyl sulphoxide or dibutyryl cyclic AMP (Chaplinski and Niedel 1982) . To evaluate whether 9(10)-or 12(13)-EpOME stimulates the neutrophil respiratory burst, we incubated HL-60 cells with an initial concentration of 500 μM dibutyryl cyclic AMP for approximately 4 days. The resulting population of differentiated, neutrophil-like cells was stimulated with an equimolar mixture of 9(10)-and 12(13)-EpOME and activation of the respiratory burst monitored by evaluating WST-1 reduction. At concentrations exceeding 10 μM, EpOMEs induced the respiratory burst. However the intensity of the EpOME-induced respiratory burst was less than that induced by linoleic acid (fi gure 2), suggesting that the EpOMEs are a relatively weak neutrophil stimulant. When the potency of the dihydroxy sEH metabolites of the EpOMEs (a mixture of 9,10-and 12,13-DiHOME) was evaluated, a dose-response trend was not observed (data not shown), suggesting that the DiHOMEs are substantially less active than the EpOMEs with respect to respiratory burst stimulation.
Methyl 9,10-/12,13-DiHOME inhibits the neutrophil respiratory burst
Neutrophil-like HL-60 cells, when treated with the phorbol ester PMA, exhibit a strong respiratory burst. To determine whether 9(10)-or 12(13)-EpOME, or related members of the linoleate metabolic pathway, modulate the respiratory burst when it is induced by another stimulus, we evaluated the PMA-induced respiratory burst of human granulocytic cells directly after treatment with methyl linoleate, an equimolar mixture of methyl 9(10)-and 12(13)-EpOME, or an equimolar mixture of methyl 9,10-and 12,13-DiHOME. Using a qualitative microscopic assay of nitroblue tetrazolium-reducing activity, we found that doses of methyl 9,10-/12,13-DiHOME paralleling EpOME concentrations reported in severe burn patients (Kosaka et al 1994) potently suppressed the phorbol ester-induced respiratory burst in granulocytic HL-60 cells. A 20 μM concentration did not produce a similar inhibitory effect (fi gure 3). Given previous work suggesting that 9(10)-/12(13)-EpOME represents a protoxin of its epoxide hydrolase metabolite, 9,10-/12,13-DiHOME, in at least some systems (Moghaddam et al 1997) , we also examined whether methyl 9(10)-/12(13)-EpOME inhibits the neutrophil respiratory burst. Unlike methyl 9,10-/12,13-DiHOME, inhibition of the respiratory burst was not observed with methyl 9(10)-/12(13)-EpOME, nor with the parent ester, methyl linoleate (fi gure 3). Under appropriate conditions, lucigenin-dependent chemiluminescence provides a relatively specifi c measure of superoxide generated by the respiratory burst (Li et al 1998) . To confi rm that phorbol ester-induced nitroblue tetrazolium reduction represented respiratory burst-associated superoxide (13)-EpOME stimulates the neutrophil respiratory burst. Granulocytic HL-60 cells were treated with the indicated concentration of 9(10)-/12(13)-EpOME or linoleic acid, and cotreated with 7.5 μM EGTA as indicated. WST-1 reduction was evaluated as described in Materials and methods. Adjusted A440 values refl ect the extent of WST-1 reduction which was inhibited by 200 U/ml superoxide dismutase. Error bars represent population standard error of two to three independent experiments. Analysis of the EpOME dose-response curve by linear regression from 10 nM to 200 μM yielded a statistically signifi cant (P = 0.01) dose-response. generation, we quantifi ed the capacity of methyl 9,10-/12,13-DiHOME to inhibit the PMA-induced respiratory burst by monitoring lucigenin-dependent chemiluminescence. PMA induced signifi cant superoxide production by granulocytic cells, as refl ected in increased lucigenin-dependent chemiluminescence. In contrast, lucigenin-dependent chemiluminescence was markedly diminished in cells cotreated with PMA and methyl 9,10-/12,13-DiHOME (fi gure 4), which was consistent with results obtained using the nitroblue tetrazolium assay (fi gure 3). This observation suggests that methyl 9,10-/12,13-DiHOME inhibits superoxide production during activation of the respiratory burst. We noted that the ethanol vehicle alone (at 0.2% v/v) detectably enhanced PMA-induced lucigenin-dependent chemiluminescence in this assay (data not shown), consistent with previous reports (Raddassi and Murray 2000) . Thus, vehicle controls are particularly appropriate when using this assay system.
Structural determinants of DiHOME-mediated respiratory burst inhibition
Since a mixture of methyl 9,10-and 11,12-DiHOME inhibited the neutrophil respiratory burst, we evaluated whether this activity was specifi c to either of the DiHOME regioisomers. Using a quantitative assay for the neutrophil respiratory burst, we compared respiratory burst inhibition in cells cotreated with 10 nM PMA and either methyl 9,10-DiHOME or methyl 11,12-DiHOME. With each isomer, inhibition was observed at 20 μM and, in both cases, inhibition exceeded 50% at 200 μM (fi gure 5). Furthermore, inhibition observed with 200 μM of either isomer was indistinguishable from that observed with treatment with a 200 μM equimolar mixture of the isomers (fi gure 5), suggesting that both isomers have similar potency with respect to respiratory burst inhibition. Upon neutrophil activation, some esterifi ed fatty acids are released as fatty acids into the extracellular milieu (Kerkhoff et al 1999) . To determine whether 9,10-/12,13-DiHOME is active as a fatty acid, we evaluated the capacity of 9,10-/12,13-DiHOME to inhibit the respiratory burst. In contrast to the corresponding methyl esters, 9,10-/12,13-DiHOME did not inhibit the respiratory burst at 200 μM (fi gure 6A).
To better characterize the specifi city of DiHOMEmediated inhibition of the respiratory burst, we evaluated the inhibitory activity of several structurally related epoxide and diol esters. Most failed to inhibit the respiratory burst in the concentration range at which 9,10-/12,13-DiHOME exhibited inhibitory activity. Three exceptions were a mixture of the threo analogues (at the diol position) of the DiHOMEs, the methyl ester of 6,7-dihydroxystearate, and a mixture of DHET methyl esters (fi gure 6B and data not shown). Given that DHETs and their EET precursors appear to play roles in regulating a variety of biological processes, we turned to a quantitative assay of superoxide release to better characterize the potencies of the methyl DHETs. We found that the potencies of the methyl DHETs generally exceeded that of the methyl DiHOMEs by roughly ten-fold (fi gure 6C). While the 11,12-and 5,6-DHETs produced the greatest extent of inhibition, the 5,6-and 14,15-DHETs were most potent with respect to dose, yielding a 50% inhibitory effect at approximately 4 μM.
Given the inhibitory potential of the methyl DHETs, we evaluated the inhibitory potency of several n-ol arachidonate derivatives to determine whether the number of hydroxy groups corresponded to potency. The methyl ester analogues of sEH metabolites of the DiEpEDEs (diepoxyeicosadienoates), the methyl tetrahydroxyeicosadienoates, exhibited similar or weaker inhibitory potencies relative to methyl DiHOMEs. In contrast, both methyl 8-hydroxy-eicosatetraenoate (8-HETE) and a mixture of methyl 9-, 11-, and 12-HETEs exhibited only slightly less activity than the methyl DHETs (approximately 50% inhibition at 10 μM and no signifi cant inhibition at or less than 1 μM; fi gure 6C, inset).
Together, the data suggest that specifi c structural determinants -particularly (i) the location and number of the hydroxy groups, and the existence and relative location of adjacent double bonds, and (ii) the presence of an ester at the fatty acid terminus -are signifi cant determinants of the inhibitory potential of both 18-and 20-carbon lipid diols.
DiHOMEs do not inhibit all neutrophil activation endpoints
Given the capacity of the methyl esters of the DiHOMEs to inhibit the respiratory burst, it was of interest to investigate the means by which methyl 9,10-/12,13-DiHOME inhibits the respiratory burst. To address this, we turned to another neutrophil stimulus, the chemotactic peptide N-formylmethionyl-leucyl-phenylalanine (fMLF). HL-60 cells differentiated with dibutyryl cyclic AMP exhibit a maximal response to fMLF at approximately 1 μM (Xie et al 1991) . We observed that granulocytic HL-60 cells stimulated with fMLF exhibited a slightly less marked respiratory burst response than that elicited by PMA stimulation. Cells cotreated with 1 μM fMLF and 200 μM methyl 9,10-/12,13-DiHOME displayed substantially less nitroblue tetrazoliumreducing activity than those stimulated with 1 μM fMLF and vehicle, indicating that methyl 9,10-/12,13-DiHOME also inhibits the fMLF-induced respiratory burst (fi gure 7A). Neutrophils contain a variety of cytoplasmic granules; upon neutrophil activation, some fuse with phagosomes while others release their contents into the extracellular space. Upon neutrophil activation by fMLF, a population of neutrophil granules containing β-glucuronidase undergoes exocytosis. To determine whether activation endpoints other than the respiratory burst are also inhibited by the DiHOMEs, we evaluated whether methyl 9,10-/12,13-DiHOME inhibits fMLF-induced β-glucuronidase release from granulocytic cells. Irrespective of cotreatment with 9,10-/12,13-DiHOME or vehicle, fMLF induced a similar release of β-glucuronidase activity (fi gure 7B). This observation suggests that methyl 9,10-/12,13-DiHOME specifi cally inhibits the respiratory burst, rather than acting Figure 5 . Methyl 9,10-DiHOME and methyl 12,13-DiHOME inhibit the respiratory burst at similar concentrations. Granulocytic HL-60 cells were treated with 10 nM PMA in conjunction with the indicated concentration of the compound mentioned or with vehicle. WST-1 reduction was evaluated as described in Materials and methods; adjusted A440 represents absorbance at 440 nM after subtracting absorbance at 440 nm of cells cotreated with 10 nM PMA and 200 U/ml superoxide dismutase.
as an upstream inhibitor of multiple aspects of fMLFinduced HL-60 activation.
PMA-induced p47phox phosphorylation is not
inhibited by methyl 9,10-/12,13-DiHOME Neutrophil activation is characterized by a wide variety of signal transduction events. Assembly of the multiprotein NADPH oxidase complex is required for superoxide production and is preceded by the phosphorylation of p47phox and translocation of p47phox to the membrane where it assembles with cytochrome b558 (a heterodimer of gp91 and p22phox), and the accessory proteins gp61phox and Rac1/2 (review in Babior 1999) . Phosphorylation of p47phox is required for NADPH oxidase activation (Faust et al 1995; Inanami et al 1998; Johnson et al 1998) and can be detected by the appearance of a series of lower-pI p47phox Within each experiment, variability of replicate samples (10 nM PMA) was less than 5%. Inset: Granulocytic HL-60 cells were treated with 20 nM PMA and evaluated for respiratory burst activation as described above. Symbols represent methyl 5,6,14, 15-tetrahydroxyeicosadienoate (circles), 8,9,14,15-tetrahydroxyeicosadienoate (squares), a mixture of methyl 9-, 11-, and 12-hydroxyeicosatetraenoates (triangles), and 8-hydroxyeicosatetraenoate (diamonds). Error bars represent the population standard error of three to four independent experiments. bands in NEPHGE gels (Rotrosen and Leto 1990; Nauseef et al 1990; Okamura et al 1988; Zhou et al 1997) . To determine whether methyl 9,10-/12,13-DiHOME acts upstream of this signal transduction event, we evaluated p47phox phosphorylation in PMA-stimulated granulocytic cells by NEPHGE of cell lysates and subsequent immunoblotting for p47phox. We fi rst assessed the specifi city of a commercially available p47phox antibody by immunoblotting p47phox immunoprecipitates of cell lysates derived from cells known to express p47phox. Only a single band (apart from antibody heavy and light chains) was detected in p47phox immunoprecipitates (fi gure 8A).
To evaluate the infl uence of methyl 9,10-/12,13-DiHOME on PMA-induced p47phox phosphorylation, granulocytic cells were stimulated with PMA and cotreated with methyl 9,10-/12,13-DiHOME or vehicle. The corresponding cell lysates were then subjected to NEPHGE and the gel immunoblotted using an anti-p47phox antibody. We observed that, in resting granulocytic cells, a predominant p47phox band comigrated with an IEF standard of 9.3 (fi gure 8B), which was consistent with previous reports. In contrast, in cells activated with PMA, irrespective of methyl 9,10-/12,13-DiHOME treatment, a series of p47phox bands migrating between IEF standards of 6.6 and 9.3 was readily evident (fi gure 8B), suggesting that methyl 9,10-/12,13-DiHOME does not inhibit PMAinduced p47phox phosphorylation. India ink staining of the immunoblot membrane verifi ed that these results were not due to variation between samples in the mass of total protein subjected to electrophoresis (fi gure 8C).
Discussion
Polyunsaturated fatty acids such as linoleic and arachidonic acids stimulate the neutrophil respiratory burst (Badwey et al 1984 (Badwey et al , 1981 . Although we observed a stimulatory effect upon the respiratory burst by 9(10)-/12(13)-EpOME, the effect was much less pronounced than that observed with linoleic acid or PMA treatment (fi gure 2), suggesting that 9(10)-/12(13)-EpOME is a relatively weak stimulant of the respiratory burst. The concentrations of 9(10)-/12(13)- Figure 7 . (A) Methyl 9,10-/12,13-DiHOME inhibits fMLFinduced nitroblue tetrazolium reduction. Granulocytic HL-60 cells were incubated with 1 μM fMLF and cotreated with either 200 μM methyl 9,10-/12,13-DiHOME or vehicle as indicated. Nitroblue tetrazolium reduction was evaluated as described in Materials and methods. Error bars represent population standard error of two independent experiments. The P value is 0.05. (B) Methyl 9,10-/12,13-DiHOME does not inhibit fMLF-induced β-glucuronidase release. Granulocytic HL-60 cells were stimulated with 1 μM fMLF and cotreated with 200 μM methyl 9,10-/12,13-DiHOME. β-Glucuronidase release was evaluated as described in Materials and methods. Results represent three independent experiments. Error bars represent population standard error. Since the magnitude of β-glucuronidase varied substantially between experiments, results were normalized based on the minimal and maximal response in each data set. P values (with respect to the vehicle control) were P < 0.01 for both fMLF-treated groups. The P value with respect to comparison between fMLF-treated and fMLF-and MeDiHOMEtreated cells was P > 0.1. EpOME at which the respiratory burst was stimulated (20-200 μM) are similar to those reported in severe physiological disorders such as ARDS (Hayakawa et al 1990; Ozawa et al 1988a; Kosaka et al 1994) and to those reported to trigger superoxide production in pulmonary epithelial cells (Okamura et al 2002) .
In contrast, an equimolar mixture of methyl 9,10-and 12,13-DiHOME strongly inhibited the respiratory burst at similar concentrations (fi gures 2 and 4). While we did not observe regioisomeric specifi city with respect to potency (fi gure 5), we found that the esterifi ed state of the carboxyl group is a critical determinant of the inhibitory potency of 9,10-/12,13-DiHOME (fi gure 6D). In contrast, the capacity of unsaturated fatty acids to activate neutrophil NADPH oxidase is dependent on the presence of the charged carboxyl group (Steinbeck et al 1991) . One possibility is that Figure 8 . Methyl 9,10-/12,13-DiHOME does not inhibit PMA-induced p47phox phosphorylation. (A) HL-60 cells were lysed and p47phox immunoprecipitated from the indicated amount of cell lysate protein using anti-p47phox primary antibody and protein A-Sepharose beads. Protein was eluted with Laemmli sample buffer and subjected to SDS-PAGE and subsequent immunoblotting for p47phox as described in Materials and methods. Line arrows indicate the positions of the heavy and light antibody chains; the closed arrow indicates the band corresponding to p47phox. (B) Granulocytic HL-60 cells were treated with 20 nM PMA and with 200 μM methyl 9,10-/12,13-DiHOME as indicated. After 14 min, cells were harvested. Cell lysates were subjected to NEPHGE (a variant of isoelectric focusing gel electrophoresis); the gel was immunoblotted for p47phox as described in Materials and methods. pI standard locations are indicated at the margins of the image. Data from two representative experiments are shown. (C) India ink staining of the immunoblot membrane shown in C was used to verify that equal masses of protein were loaded for each sample. the methyl ester itself represents the physiologically relevant compound. However, while human leukocytes express a fatty acid ester synthase activity (Wright et al 1987) and fatty acid methyl esters have been detected in a physiological context (Schmidt et al 1996) , no studies have demonstrated that methyl esters of the DiHOMEs are synthesized in vivo in a physiological context. In contrast, when the methyl ester is administered to Sf-21 cells, the methyl moiety is cleaved and only the free DiHOMEs are detected (Greene et al 2000b) . This suggests that the effi cacy of methyl 9,10-/12,13-DiHOME, but not the corresponding acid, in respiratory burst inhibition is attributable to the ability of the uncharged ester to readily translocate across the cytoplasmic membrane. If intracellular esterases then cleave the ester, producing DiHOMEs, then the ester form simply represents a prodrug of 9,10-/12,13-DiHOME. Alternatively, methyl 9,10-/12,13-DiHOME may mimic an endogenous membrane constituent, such as a linoleate-derived phospholipid, produced during neutrophil activation.
The mechanism by which the DiHOMEs inhibit the respiratory burst is distinct from that of other respiratory burst inhibitors such as nitrolinoleate, cyclosporin H, lipoxin A4, or 15-HETE, which inhibit multiple aspects (both superoxide production and degranulation) of neutrophil activation (Coles et al 2002; Wenzel-Seifert et al 1991; Smith et al 1993; Gewirtz et al 1999; Hachicha et al 1999) . The inhibitory effect of the methyl DiHOMEs is rapid, and does not require a preincubation step. Furthermore, the inhibitory effect is specifi c; inhibition of the respiratory burst is not accompanied by inhibition of other neutrophil activation endpoints such as β-glucuronidase release (fi gure 7B). Given the additional observation that the methyl DiHOMEs inhibit activation in response to stimuli with distinct mechanisms of action, fMLF and PMA, it seems probable that the methyl DiHOMEs inhibit an activity intimately associated with the NADPH oxidase. The methyl DiHOMEs may stimulate consumption of an NADPH oxidase substrate such as NADPH or may induce physicochemical alterations in the NADPH oxidase membrane microenvironment which modulates the activity of the NADPH oxidase. At 50-100 μM, arachidonic acid induces an interaction between p47phox and p22phox, an interaction likely to play an important role in NADPH oxidase activation (Sumimoto et al 1994; Hata et al 1998; Kerkhoff et al 2005) .
An alternative possibility is that the methyl DiHOMEs target a protein kinase C activity upstream of the NADPH oxidase. Unsaturated fatty acids are well-established modulators of protein kinase C activity (McPhail et al 1984; O'Flaherty and Nishihira 1987; Shinomura et al 1991) . PMA-induced respiratory burst activation requires protein kinase C and this activation step has been implicated in p47phox phosphorylation (Allard et al 1999; Reeves et al 1999; Korchak et al 1998) . However, PMA-induced phosphorylation of p47phox is observed irrespective of cotreatment with methyl 9,10-/12,13-DiHOME (fi gure 8). This suggests that methyl 9,10-/12,13-DiHOME inhibits the respiratory burst at a point independent of, or downstream from, p47phox phosphorylation. Additional phosphorylation events have been postulated to inhibit p47phox (DeLeo et al 1999; Lopes et al 2004) and, although its relationship to NADPH oxidase activation remains unclear, p67phox phosphorylation is also observed during NADPH oxidase activation (review in Quinn and Gauss 2004) . Further studies should evaluate whether inhibition is associated specifi cally with late phosphorylation events on p47phox or with the phosphorylation state of other components of the NADPH oxidase.
While widely used as a neutrophil model, granulocytic HL-60 cells generally lack certain characteristics typically observed in primary human neutrophils (review in Collins 1987) . Given this, the relevance of our observation to physiological contexts such as ARDS awaits evaluation of the activity of the DiHOMEs in primary human neutrophils.
In summary, EpOMEs weakly activate the respiratory burst; however, the esterifi ed form of DiHOMEs strongly inhibits the respiratory burst at mid-micromolar concentrations. DHET esters exhibit an approximately 10-fold greater inhibitory potency and signifi cantly inhibit the respiratory burst even at high nanomolar concentrations. The inhibitory activity of the DiHOMEs and DHETs with respect to the respiratory burst may represent an inhibitory feedback signal. Possibly, in some contexts, activation of the respiratory burst proceeds to such an extent that substantial superoxide-, hydroxyl radical-, or hypochlorite-induced damage to endogenous cell membrane lipid components accumulates. In such a scenario, micromolar concentrations of epoxide-, diol-, or chlorohydrin-containing esterifi ed lipids might be realized in the immediate proximity of the NADPH oxidase. Such localized membrane concentrations are realistic; in resting platelets, EETs are observed exclusively in the phospholipid fraction -once stimulated, EETs are de-esterifi ed, producing cytoplasmic concentrations estimated at 1 μM (Zhu et al 1995) . Given this, it is clear that localized concentrations of esterifi ed EETs in the resting platelet might well exceed 1 μM. Interestingly, EETs infl uence neutrophil adherence in the low micromolar range (Pratt et al 2002) . Since both arachidonate and linoleate are present in relatively high abundance in their esterifi ed forms in neutrophil phospholipids (Yano et al 1983; Johnson et al 1999) , it does not seem unreasonable to propose that either esterifi ed DiHOMEs and/or esterifi ed DHETs represent inhibitory signals with respect to the neutrophil NADPH oxidase activation, nor to speculate that other similar membrane-associated systems such as the plant NADPH oxidase or the mitochondrial respiratory chain are regulated in a similar fashion.
